The wetting time, wetting force, contact angle and interfacial reaction of and Sn-9Zn (mass%) lead-free solders on Cu and Cu/Ni-P/Au substrates have been investigated. The Ag content, X, of the solders investigated was 0-3 mass%. The results indicate that the wettability of Sn-8.55Zn-0.45Al-XAg solders decreases with increasing Ag content. The Sn-8.55Zn-0.45Al-XAg solders containing low Ag content, less than 1mass%, exhibit better wettability than the eutectic Sn-9Zn solder. Furthermore, it was also found that the wettability of Sn-Zn based solders on Cu substrate is better than that on Cu/Ni-P/Au substrate. The when used on Cu and Cu/Ni-P/Au, Sn-9Zn solder forms Cu 5 Zn 8 and AuZn 3 respectively, while the Al-containing solders form Al 4:2 Cu 3:2 Zn 0:7 and Al 2 (Au, Zn). Further addition of Ag gave rise to AgZn 3 particles attached to the underlying intermetallic compound.
Introduction
Sn-Pb solders have been utilized for metal bonding in microelectronic assemblies because of low melting temperature, low cost, ease of handling, good ductility, workability, and excellent wettability on commonly used substrates. 1, 2) However, the development of lead-free solders has become an important issue in the electronic packaging industry due to environmental and health concerns. Legislative action in Europe will ban the use of lead based solders in near future. Currently, a great number of research articles dealing with lead-free solder have been published. Among the solders investigated, Sn-Ag-Cu solder has acceptable wettability and good fatigue and creep resistance. [2] [3] [4] [5] However, the melting temperature of Sn-Ag-Cu solder containing 3-4 mass% Ag(around 490K) is higher than that of eutectic Sn-Pb solders. This requires a reflow temperature of about 533-543K when using Sn-Ag-Cu solder. Many electronic devices and substrates cannot endure these temperatures. Hence, SnZn solders are expected to be another alternative to eutectic Sn-Pb because of its relatively low melting temperature.
Sn-9Zn (mass%) solder has the eutectic composition of the Sn-Zn system and a melting temperature (471K) 2, 6) relatively close to that of eutectic Sn-Pb(456K). This will allow the industry to continue to use the present manufacturing line and electronic components without many modifications. Sn-Zn solders also have greater mechanical strength than conventional Sn-Pb solders and lower cost than other lead-free solders.
2) Unfortunately, Sn-Zn solders exhibit unsatisfactory wettability as zinc is easily oxidized leading to the formation of an oxide layer.
2) The poor wettability of these solders can cause inadequate solder spreading when using surface mount technology (SMT) processes. Thus, a protective atmosphere or an aggressive flux is needed during the manufacturing of electronic interconnections when using Sn-Zn solders. A flux specifically designed for use with Sn-9Zn solder has been developed. 7) From the application point of view, an enhancement in wettability and oxidation resistance of Sn-Zn is necessary. Recent studies have incorporated Al with Sn-Zn solders and reported a eutectic composition of Sn-8.55Zn-0.45Al with a melting temperature of 470K 8) and improved oxidation resistance.
9) It has been reported that a small amount of Ag is also able to enhance the wettability of Sn-Zn solders on Cu substrates. 10) This study investigated the wettability and interfacial reactions of Sn-9Zn, Sn-8.55Zn-0.45Al, and Sn-8.55Zn-0.45Al-XAg solders on Cu and Cu/Ni-P/Au substrates with various fluxes. It is believed that the interfacial reaction products formed between the substrate and solder alloy have a great effect on mechanical properties of the solder joints, 2, [11] [12] [13] so the usefulness of the solder cannot be determined by wettability alone. The addition of Ag was limited to low levels in order to keep the melting point and cost as low as possible.
Experimental Procedure
The lead-free solder alloys investigated were prepared by melting eutectic Sn-3.5Ag (mass%) solder, Zn-5Al (mass%) alloy, and pure Sn to the designed compositions. The compositions of the resulting solders were Sn-8.55Zn-0.45Al-(0-3) (mass%) Ag. A eutectic Sn-9Zn solder was also investigated for comparison. Cu foils and wires were used as substrates. Some foils and wires were plated with a 2-3mm electroless Ni film (containing 6-8 (mass%) P) followed by the addition of a 0.1 mm Au layer. The electroless nickel deposition was conducted in a pH 4.6 nickel sulfate solution 14) at 355K for 20min with sodium hypophosphite used as the reductant. The Au layer was deposited electrolessly in a gold potassium cyanide solution of pH 7 at 365K for 5min with sodium hypophosphite used as the reductant. The substrates were degreased in NaOH, deoxidized in a nitric acid solution, and then dipped in flux before the testing began. The properties and concentration of the fluxes applied for the wetting experiments are presented in Table 1 .
The wetting properties were examined through the use of a wetting balance test and a contact angle test. During the wetting balance experiment, the Cu and Cu/Ni-P/Au wire were dipped into the molten solder bath at a speed of 15 mm/ s with a dipping depth of 9.9 mm. The dipping time was 15 s and the dipping temperatures ranged from 498 to 573K. Wetting time and wetting force were measured. During the contact angle experiment, the solder pellets were placed on top of Cu or Cu/Ni-P/Au foil. The foil, laid with solder pellet, was kept in the contact angle measurement system at 523K for 60 s. At the end of this period, the contact angle was measured from the side-view optical microscopy image of the sample.
In order to investigate the interfacial reactions, Cu and Cu/ Ni-P/Au foil were dipped into the molten solder bath. The dipping time was 120 s and the dipping temperature was 523K. The interfaces between solders and substrates were investigated with scanning electron microscopy (SEM) and energy dispersive spectroscopy (EDS). The unreacted Cu of the specimens was etched off with a solution consisted of 100ml NH 4 OH, 10ml H 2 O 2 , and 100ml H 2 O in order to reveal the intermetallic compounds at the interface between solders and substrates. The exposed compound layer was further characterized with an X-ray diffractometer (XRD). Figure 1 shows the wetting time and wetting force of Sn-8.55Zn-0.45Al-(0-3)Ag solders on Cu substrate for various fluxes at 523K. Figure 1 (a) shows that the wetting time for all fluxes is in the range of 0.6-0.8 s. This result implies that all fluxes adopted were able to induce good wetting. The Dimethylammoniumchloride (DMAHCl) flux gave rise to a greater wetting force than other fluxes as seen in Fig. 1(b) . This is due to the fact that DMAHCl removes surface oxide more aggressively. Because of the greater wetting force, DMAHCl was used in the later experiments in this study. Figure 2 shows the effect of temperature on the wettability, wetting time and wetting force of solders on Cu substrates. The wettability of solders improved with increasing temperature from 498K to 573K. The wetting time decreases from around 1.2sec to around 0.4sec as shown in Fig. 2(a) . The results of Fig. 1 and Fig. 2 also indicate that an increase in Ag content degrades the wettability of solders on Cu, regardless of temperature or fluxes used. A similar trend in the effects of Ag was found in the contact angle measurement on Cu at 523K as presented in Fig. 3 . The results show that the increase in Ag content, 0 mass% to 3 mass%, of Sn-Zn-Al solder results in an increase in contact angle from 37 to 50 degrees. These results indicate that the addition of Ag to the Sn-Zn-Al solder degrades the wettability of solders on Cu. Furthermore, it was found that at a low Ag content (less than 1mass% Ag) the Sn-Zn-Al-XAg solders exhibit smaller contact angles than that of eutectic Sn-9Zn solder. This means that the addition of 0.45 mass%Al to Sn-Zn solders enhances the wettability of the solder on Cu. The Sn-9Zn, Sn-8.55Zn-0.45Al, and Sn-8.55Zn-0.45Al-0.5Ag solders were used to study wetting interactions on Cu and Cu/Ni-P/Au substrates.
Experimental Results

Wetting behavior of solders on Cu substrate
3.2 Wetting behavior of solder on Cu/Ni-P/Au substrate The investigation of wetting on the Cu/N-P/Au substrate at 498K revealed a repellent force that indicated poor wetting behavior. However, the Cu/Ni-P/Au substrate can be wetted by the solders investigated at temperatures between 523K and 573K. Figure 4 shows the wettability of solders on the Cu/Ni-P/Au substrate between 523K and 573K. The wetting time decreases from around 0.8 s to around 0.4 s, while the wetting force increases from around 0.4 mN to around 1.2 mN. These results indicate that good wetting behavior was achieved at this high temperature range. Comparing wettability of solder on Cu, Fig. 2 , and on Cu/Ni-P/Au, Fig. 4 , it was found that the solders investigated exhibit better wettability on Cu substrates than on Cu/Ni-P/Au substrates. A similar result was also found in the contact angle experiment. The contact angles of solders on Cu/Ni-P/Au substrates, Fig. 5 , are slightly greater than that on Cu substrates. These results further reveal that the wettability of the Sn-Zn based solders on Cu is better than that on Cu/Ni-P/ Au substrates. Figure 6 shows the SEM photographs of the interfaces between the various solders and the Cu substrate. Figure 6(a) shows that a layer about 3mm thick formed at the Sn-9Zn interface. EDS analysis determined that this layer is Cu 5 Zn 8 . The interfacial layer that formed between Cu and Sn-Zn-Al solders, Fig. 6(b) , was found to be about 0.5mm thick and consisted of Al, Zn and Cu. This result shows that the Al participated in the interfacial reaction but suppressed the growth of the interfacial compound layer. A thin layer of an Al-Cu-Zn compound was also detected at the interface between the Sn-Zn-Al-Ag solder and the Cu as shown in Fig.  6(c) . Aside from the Al-Cu-Zn compound, a spherical and discontinuous Ag-Zn compound formed between the Al-CuZn compound and the solder. EDS indicated that this compound is AgZn 3 .
Interfacial reaction between solders and substrates
The SEM images of the solder-Cu/Ni-P/Au interfaces are shown in Fig. 7 . It was found that a thin layer of Au-Zn compound ( Fig. 7(a) ) formed at the Sn-Zn solder-Cu/Ni-P/ Au interface. The thickness of this layer is about 0.2-0.5mm, thinner than the Cu 5 Zn 8 compound formed between the SnZn solder and the Cu substrate, Fig. 6(a) . This implies that the interfacial reaction between the Sn-Zn solder and the Cu/Ni-P/Au was slower than that with the Cu. The interfacial XRD analysis of the reaction products formed between solders and Cu/Ni-P/Au (Fig. 9) shows that AuZn 3 formed at the Sn-9Zn solder-Cu/Ni-P/Au interface, while Al 2 Au formed at the Sn-8.55Zn-0.45Al solder-Cu/Ni-P/Au interface. Besides Al 2 Au, AgZn 3 also formed at the interface between the Sn-Zn-Al-Ag solder and the Cu/Ni-P/Au substrate. As described above in Fig. 7(b) and Fig. 7(c) , EDS identified an Au-Al-Zn compound at the interface. However, Al 2 Au was detected in XRD analysis. It should be noted that the solubility limit of Zn in Au at room temperature is nearly 10 (atom%). It seems that Zn may act as a substitute for Au in the Al 2 Au compound. Therefore, the AuAl-Zn compound formed at the interface is expected to be Al 2 (Au, Zn).
Discussion
Wetting properties of Sn-Zn based solders on Cu
and Cu/Ni-P/Au substrates In general, the wettability of solder increases as temperature increases because the interfacial reaction between solder and substrate is enhanced at higher temperatures. Thus, a better wettability is expected at higher temperatures, regardless of substrate and composition of solder as seen in Fig. 2 and Fig. 4 . The solders investigated exhibit a better wettability with Cu substrate than that with Cu/Ni-P/Au substrate as shown in Fig. 4 and Fig. 5 . An inadequate wettability of solders on Cu/Ni-P/Au was found at temperatures between 498K and 523K, but, at 573K, the wettability on Cu/Ni-P/Au was almost the same as that on Cu. This implies that wetting of Sn-Zn based solders on Cu has a larger wetting driving force than that on Cu/Ni-P/Au. A previous study indicated that the wetting of an electroless Ni-P plated substrate by Sn-8.55Zn-0.45Al solder was not achievable at temperatures below 643K. 15) In this study, it was found that the Cu/Ni-P/Au substrate can be wetted by Sn-Zn based solders at 523K. It is believed that the Au layer can prevent the oxidation of the electroless Ni-P plating substrate and thus enhance the wetting behavior.
The results in Fig. 1 and Fig. 2 show that the wettability of solders on Cu decreases as the Ag content of solders increases. The addition of Ag to the Sn-Zn-Al solder also increases the wetting angle of solders on Cu substrates as seen in Fig. 3 . Based on Young's equation, 16) these results indicate that the addition of Ag may have increased the surface tension of solders, which in turn increased the wetting Fig. 4 The wettability of solders on Cu/Ni-P/Au substrates, (a)wetting time (b)wetting force. angle. Some previous studies also mentioned that the surface tension of solders increases as Ag is added. 2, 17, 18) Aside from surface tension, the interfacial reaction and the formation of intermetallic compounds during wetting may create an additional driving force. In Fig. 6 , it was found that Zn strongly diffused to the interface to form Cu 5 Zn 8 and Al 4:2 Cu 3:2 Zn 0:7 at the Cu interface. It has been reported that Ag-Zn compounds formed in the solder as Ag was added to Sn-Zn-Al solder. 19) Ag may compete with Cu for Zn to form an Ag-Zn compound during wetting. This competition is expected to reduce the interfacial concentration of Zn. Accordingly, an increase in Ag content is expected to degrade the wettability of Sn-Zn-Al-XAg solders on Cu as seen in Fig. 1-Fig. 3 .
In addition, the Sn-Zn-Al solder and the low Ag content (less than 1 mass% Ag) Sn-Zn-Al-XAg solders were found to exhibit better wettability than that of the eutectic Sn-9Zn solder as seen in Fig. 2-Fig. 5 . It is known that the Sn-9Zn solder exhibits poor wettability because an oxide layer easily forms on the surface.
2) A previous study incorporated 0.45 mass% Al with Sn-Zn solder and reported improved oxidation resistance. 9) Therefore, the Sn-Zn-Al and Sn-ZnAl-0.5Ag solders exhibit better wettability than the Sn-9Zn solder because they are less easily oxidized. Flux can completely remove the surface oxidation layer of solders during wetting.
Interfacial reactions between Sn-Zn based solders
and substrates It has been reported 2, 12, 20) that Cu 5 Zn 8 formed at the interface between the Sn-Zn solder and the Cu substrate. Cu 5 Zn 8 , formed between Sn-9Zn and Cu with a thickness of about 3 mm, was also detected in this study (Fig. 6) . However, the addition of 0.45 mass% Al in the Sn-Zn solder resulted in the formation of a relatively thin (0.5 mm) Al 4:2 Cu 3:2 Zn 0:7 layer. The interfacial reaction product transformed from the The spherical compound AgZn 3 was found at the interface between the solder and the continuous compound layer as seen in Fig. 6(c) and Fig. 7(c) . It is known 18) that the Ag-Zn compound was formed in the solder as Ag was added to the Sn-Zn-Al solder. In this work, the AgZn 3 compound was also found at the interface between the reaction product and the solder. Thus, it is inferred that the formation of AgZn 3 was enhanced by heterogeneous nucleation at the interface.
Cu/Ni-P/Au substrates have been utilized for metallization in the ball grid array (BGA) process. It is known 11, 22) that Au dissolves into the solder very quickly, and that Ni 3 Sn 4 and Ni 3 P are formed at the interface during soldering with Sn-Pb solder. However, the interfacial reactions of Sn-Zn based solders with Cu/Ni-P/Au were found to be different from that of the Sn-Pb solders. A thin layer of AuZn 3 or Al 2 (Au,Zn) formed at the interface between the solder and the Cu/Ni-P/Au substrate. Au did not dissolve into the solders. Instead, Au formed an intermetallic compound of about 0.5 mm thickness at the interface with Al and Zn. But, the Ni 3 Sn 4 and Ni 3 P compounds were not detected at the solder -Cu/Ni-P/Au interface by either XRD or EDS. This signifies that the AuZn 3 and Al 2 (Au,Zn) compounds may inhabit the interfacial reaction between the solder and the Cu/Ni-P/Au substrate and avoid the formation of the Ni 3 Sn4 and Ni 3 P compounds. Recent studies 13, 23) indicate that the weakening of the solder joint occurs at the interface between the electroless Ni-P plating layer and the solder as Ni 3 P forms during soldering. Hence, the reliability of Sn-Zn based solders on Cu/Ni-P/Au substrate is expected to be better than that of the other solders.
Conclusions
The contact angle, wetting time, and wetting force were measured for various Sn-Zn based solders on Cu and Cu/Ni-P/Au substrates. The wetting results show that the wettability of the Sn-Zn based solders on Cu substrates is better than that on Cu/Ni-P/Au substrates. Sn-8.55Zn-0.45Al and Sn-8.55Zn-0.45Al-0.5Ag solders exhibit better wettability on Cu than eutectic Sn-9Zn solder. The wettability of Sn-8.55Zn-0.45Al-(0-3)Ag solders degrade as the Ag content increases. Al enhances wettability through its involvement in the interfacial reactions. Soldering of Cu with Sn-9Zn forms Cu 5 Zn 8 , while Sn-8.55Zn-0.45Al and Sn-8.55Zn-0.45Al-XAg form Al 4:2 Cu 3:2 Zn 0:7 . The Cu/Ni-P/Au substrate forms AuZn 3 with Sn-9Zn, and Al 2 (Au, Zn) with Sn-8.55Zn-0.45Al and Sn-8.55Zn-0.45Al-XAg. Ag-containing solders also form AgZn 3 particles that attach to the Al-containing compound. The thickness of Au-or Al-containing compounds is thinner than those containing Cu 5 Zn 8 for the same soldering period.
